INTRODUCTION
In t h i s paper I w i l l d e s c r i b e some r e c e n t work done a t Orsay t o o b t a i n coher e n t r a d i a t i o n i n t h e vacuum u l t r a v i o l e t . Three ways a r e considered : they a r e based on a s t o r a g e r i n g and a magnetic device c a l l e d undulator.
In t h e f i r s t p a r t of t h e paper I w i l l give t h e main c h a r a c t e r i s t i c s of t h e s t o r a g e r i h g and t h e undulator and then d e s c r i b e t h e d i f f e r e n t methods.
When an e l e c t r o n ( o r a p o s i t r o n ) i s a c c e l e r a t e d i n a magnetic f i e l d t h e r e is emission of r a d i a t i o n . The wavelength o f t h i s r a d i a t i o n w i l l depend e s s e n t i a l l y of t h e energy E of t h e e l e c t r o n s . For E of t h e o r d e r o f few GeV one can reach t h e hard X r a y s , f o r E % 500 MeV t h e spectrum i s concentrated i n t h e vacuum u l t r a v i o l e t and t h e s o f t X r a y s . This emission is c a l l e d synchrotron r a d i a t i o n and i s emitted i n any s t o r a g e r i n g .
A schematic of a s t o r a g e r i n g (A.C.O.) is shown i n Fig. 1 
. I t i s made with 8 bending magnets and some "optics" t o keep t h e beam t o a resonable s i z e (quadrupoles and hexapoles). A r a d i o frequency c a v i t y allows t o keep constant t h e energy o f t h e e l e c t r o n s . One of t h e s t r a i g h t s e c t i o n s has been used t o i n s t a l l a magneticundulator.

Let seewhat a r e t h e importantparameters f o r a s t o r a g e r i n g . W e suppose t h a t t h e e l e c t r o n s h a v e a gaussian d i s t r i b u t i o n . The p o s i t i o n of an e-and i t s angle (measured r e l a t i v e t o t h e equilibrium o r b i t ) a r e c o r r e l a t e d . The s i z e o f t h e e l e c t r o n b e a m i n t h e ~( z )
plane i s c h a r a c t e r i z e d by oX(oZ) which i s t h e standard d e v i a t i o n of t h e edisplacements and i t s divergence oh(u;), t h e standard d e v i a t i o n o f the directionangle, A t focus, t h e product ax x o;( (a, x oh) i s equal t o t h e h o r i z o n t a l ( v e r t i c a l ) e m i t tance E~( E~) .
The h o r i z o n t a l emittance i s t h e r e s u l t o f a balance between t h e o s c i l l a t i o n s induced by t h e quantum emission of r a d i a t i o n and t h e damping which is c r e a t e d by t h e average l o s s of energy. In an i d e a l s t o r a g e r i n g t h e r e i s no r a d i a t i o n i n t h e v e r t i -
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985116 C1-154 JOURNAL DE PHYSIQUE c a l plane and t h e v e r t i c a l emittance should be very small. However i n a r e a l machine, imperfections cause coupling of t h e motions between t h e two planes. A t r e l a t i v i s t i c e n e r g i e s t h e d i p o l e p a t t e r n r a d i a t e d by t h e e l e c t r o n s is sharpl y peaked i n t h e d i r e c t i o n of motion of t h e e l e c t r o n s with a t y p i c a l half-angle opening o f t h e o r d e r o f y-' where y = ~/ m c~ = 1.96 E(MeV). This is important because it shows t h a t synchrotron r a d i a t i o n has , a t l e a s t i n t h e v e r t i c a l plane, a very good s p a t i a l ( o r t r a n s v e r s e ) coherence.
I . UNDULATOR
The term undulator i s used f o r a p e r i o d i c t r a n s v e r s e magnetic f i e l d ( q u i t e o f t e n q u a s i -s i n u s o i d a l ) with many periods (10 t o 100) intended t o produce a spectrum which is composed of one o r s e v e r a l narrow l i n e s (harmonics). These a r e due t o t h e i n t e r f e r e n c e from electromagnetic f i e l d s emitted by t h e same e l e c t r o n a t d i f f e r e n t p o i n t s o f i t s t r a j e c t o r y . The main p r o p e r t i e s /1/ can be summarised a s follows : a ) t h e wave l e n g t h of t h e l i n e s is given by ( a l o n g t h e a x i s ) where A. i s t h e magnet p e r i o d , y = ~/ m c~, K i s a parameter which d e f i n e s i t s f i e l d s t r e n g t h (K = 93.4BAo, MKSA) b ) i f t h e emittance o f t h e s t o r a g e r i n g is s m a l l enough,the i n c r e a s e i n spect r a l b r i g h t n e s s , compared w i t h a bending magnet, i s N2 where N i s t h e number o f per i o d s .
C ) t h e b a n d w i d t h o f t h e l i n e s i s ?. nN d ) t h e power i n t h e nth harmonic which p a s s e s through a p i n h o l e s e l e c t i n g a band ny << 1 i s given by A s a n e3ample w i t h E = 5GeV it i s p o s s i b l e t o o b t a i n e a s i l y P1 * 30 w a t t s around 1 o r 2 A ! 11. FIRST METHOD Let t r y t o s e e now how we can o b t a i n coherent r a d i a t i o n w i t h an u n d u l a t o r . W e have a complete coherence f o r an o p t i c a l beam i f we have s p a t i a l ( o r t r a n s v e r s e ) coherence and temporal ( o r l o n g i t u d i n a l ) coherence.
The s p a t i a l coherence i s r e l a t e d t o t h e d i v e r s e n c e o f t h e s o u r c e , t h e temporal t o i t s monochromaticity.
The u n d u l a t o r is t h e o n l y source w i t h t h e l a s e r having a rernarquable s p a t i a l 
Is is p o s s i b l e t o go down t o 1 o r 2 A by i n s e r t i n g p i n h o l e , with a l o s s o f i n t e n s i t y p r o p o r t i o n a l t o t h e r e d u c t i o n i n E . That means t h a t powers o f t h g o r d e r o f 1 w a t t w i t h t o t a l s p a r i a l coherence should be a v a i l a b l e around 1 o r 2 A.
A t t h e e x i t of t h e u n d u l a t o r t h e o p t i c a l beam h a s a poor temporal coherence. B u t t h i s c a n be c o r r e c t e d e a s i l y by adding a monochromator. Around lOKeV r e s o l u t i o n o f ImeV a r e a l r e a d y p o s s i b l e which g i v e s a coherent l e n g t h h 2 lcoh = AA ?. 1 o r 2 mm. I t i s c l e a r t h a t with t h e appearance of s t o r a g e r i n g with very low emittance a s Bessy ( B e r l i n ) , Super ACO ( P a r i s ) o r t h e European p r o j e c t t h e y w i l l be i n t h e n e x t few y e a r s a 1-ot of excitement i h t h e f i e l d of microscopy,holography and p r o t e i n c r y s t a l l o g r a p h y .
ULTRAVIOLET GENERATION FROM AN OPTICAL KLYSTRON
W e w i l l s e e i n t h e l a s t p a r t of t h i s t a l k t b a t it i s not very easy f o r t h e moment t o make a f r e e e l e c t r o n l a s e r f o r A s 1550 A. However coherent r a d i a t i o n w i l l be very u s e f u l f o r spectroscopy of atoms and molecules, microscopy and holography. W e have seen i n t h e f i r s t p a r t of t h i s paper t h a t by using an undulator and a monochromator it was p o s s i b l e t o o b t a i n coherent r a d i a t i o n with a good average power. However,if one i s i n t e r e s t e d b y peak power,this i s not a good technique. This i s t h e reason o f t h e experiment t h a t I w i l l d e s c r i b e now : it i s based on t h e f a c t t h a t i n an undulator it i s p o s s i b l e t o c r e a t e a bunching of t h e e l e c t r o n s by an e x t e r n a l powerful l a s e r .
Let t a k e an undulator a t resonance : a s seen p r e v i o u s l y .
I f t h e e l e c t r o n s a r e uniformly d i s t r i b u t e d over a l a r g e number o f o p t i c a l wavelengths, A , (which i s t h e case i n any s t o r a g e r i n g where X < 1 um and o,, t h e F W H M bunch l e n g t h , i s between 1 cm and 10 cm), then t h e r a d i a t i o n f i e l d s of two i n d i v i d u a l e l e c t r o n s a r e not c o r r e l a t e d . Thus, f o r a n u n i f o r m distributionofelectrons, t h e t o t a l r a d i a t e d power i s only p r o p o r t i o n a l t o t h e number of e l e c t r o n s i n t h e bunch. On t h e o t h e r hand, i f t h e e l e c t r o n s p a t i a l d i s t r i b u t i o n is no longer uniform but i s modulated with a p e r i o d i c i t y corresponding t o t h e resonant wavelength, t h e average
r a d i a t i o n f i e l d f o r a given harmonic from t h e whole bunch i s no longer zero. I n fact, t h e emitted power P is p r o p o r t i o n a l t o t h e square of t h e number o f e l e c t r o n s times t h e square o f t h e Fourier c o e f f i c i e n t f o r t h i s harmonic. In t h i s c a s e , t h e spontaneous emission o f t h e undulator i s s t r o n g l y enhanced, a n d , i n a d d i t i o n , t h e coherence p r o p e r t i e s of t h e r a d i a t i o n a r e modified. The coherence l e n g t h of t h e r a d i a t i o n (which i s N A i n t h e former c a s e , where N i s t h e number of p e r i o d s of t h e undulator) i s , i n t h e l a t t e r c a s e , given by t h e coherence l e n g t h o f t h e e l e c t r o n bunch modulat i o n . This e f f e c t was s t u d i e d s e v e r a l y e a r s ago f o r t h e microwave range and allowed f o r t h e development of k l y s t r o n devices / 3 / . This energy modulation can be converted t o a s p a t i a l modulation using a d r i f t s e c t r o n ( a s i n microwave tubes where e l e c t r o n s a r e non r e l a t i v i s t i c ) o r u s i n g a d i s p e r s i v e magnetic s e c t i o n ( t h e o p t i c a l k l y s t r o n c o n f i g u r a t i o n ) /6/ f o r u l t r a r e l a t i v i s t i c e l e c t r o n s ( F i g . 2 ) . A t t h e end of t h i s s e c t i o n , t h e modulated e l e c t r o n beam e n t e r s i n t o a second undulator ; t h e spontaneous emission of t h i s undulator a t wavelength X/n i s t h e r e f o r e modified a s described above. This technique avoids t h e use of m i r r o r s , a s i n t h e f r e e e l e c t r o n l a s e r c a s e , t o produce UV l i g h t . It should be e f f ic i e n t on most of thg e x i s t i n g s t o r a g e r i n g t o produce l i g h t of wavelength between about 100 and 2000 A by s t a r t i n g with a v i s i b l e o r U.V. commercially a v a i l a b l e l a s e r . Although t h i s process i s o f t e n c a l l e d " m u l t i p l i c a t i o n " o r "up-conversionU,it i s d i ff e r e n t from usual harmonicproductionsince t h e coherent output power is taken from t h e e l e c t r o n energy and not from t h e pumping l a s e r .
S e v e r a l a u t h o r s have published t h e o r e t i c a l proposals, applying t h i s i d e a t o t h e o p t i c a l range
Let us only r e c a l l t h a t , i n t h e case of t h e O . K . , t h e r a t i o , R,, of t h e coher e n t over t h e incoherent (spontaneous) emission, f o r t h e harmonic n of t h e l a s e r f r equency, f o r a given l a s e r power and within t h e bandwidth of t h e coherent emission, i s p r o p o r t i o n a l t o :
where N i s t h e number of p e r i o d s o f t h e r a d i a t o b and I t h e r i n g c u r r e n t . f n i s t h e spontaneous emission modulation r a t e , r e s u l t i n g from t h e i n t e r f e r e n c e o f t h e two undulators c o n s t i t u t i n g t h e O.K., a t wavelength AL/n This i n t e r f e r e n c e i s driven by t h e s t r e n g t h of t h e d i s p e r s i v e s e c t i o n and t h e energy spread of t h e e l e c t r o n s and : where Nd is t h e number o f wavelength of t h e YAG l a s e r passing over an e l e c t r o n i n t h e d i s p e r s~v e s e c t i o n and c h a r a c t e r i z e s t h e d i s p e r s i v e s e c t i o n s t r e n g t h /6/ and kis
Y t h e r e l a t i v e energy d i s p e r s i o n of t h e beam. Thus t h i s d i s p e r s i o n , which does vary much with I on A . C . O . , i s a very c r u c i a l parameter. The goal of t h e A.C.O. experiment was t o demonstrate t h e f e a s a b i l i t y o f t h e harmonic production. Although t h e r e i s no t h e o r e t i c a l l i m i t a t i o n i n going i n t o t h e V.U.V. s p e c t r a l range (by using a h i g h e r e l e c t r o n energy), we chose t o work i n t h e v i s i b l e p a r t of t h e spectrum f o r convenience o f t h e d e t e c t i o n . W e used t h e 1.06 p fundamental l i n e of a pulsed Nd : YAG l a s e r ( F i g . 3 ) focused i n t o our o p t i c 1 k l y s t r o n on t h e s t o r a g e r i n g A.C.O. working a t 166 MeV and looked a t t h e 3~' harmonic a t 355 nm. A t t h i s energy, t h e modulation r a t e , f3: is much s m a l l e r than one. This i s due t o t h e anomalous bunch l e n t h e n i n g on A.C.O. whlch makes t h e energy spread t o be much l a r g e r than t h e nominal energy spread a t 166 MeV (1.4 10V4 f o r I 'i: c0.01 mA). Also t h e r e i s an a d d i t i o n n a l energy spread due t o t h e i n t e r a c t i o n with t h e YAG p u l s e , s i n c e t h e r i n g energy damping time i s 180 msec a t 166 MeV and t h e YAG r e p e t i t i o n r a t e was 20 Hz i n our case.
The low l a s e r r e p e t i t i o n r a t e (20 Hz) makes t h e long time average coherent emission very weak compared t o t h e incoherent spontaneous emission whose r e p e t i t i o n r a t e i s 13.6.MHz. Thus t h e coherent power has t o be measured on a f a s t time s c a l e .
The coherent emission pulse was s e n t on a box-car averager i n o r d e r t o o b t a i n an output p r o p o r t i o n a l t o t h e coherent power and i n t e g r a t e d over many YAG p u l s e s .
The t o t a l angular divergence of t h e coherent emission has been found t o be c l o s e t o 1 mrad i n good agreement with t h e d i f f r a c t i o n l i m i t (A f i / I I q where
a , a o, % 200um a r e t h e bunch RMS t r a n s v e r s e dimensions). The s p e c t r a l wldth of t h e coherent emission was t o o small t o be measured by our d e t e c t i o n system. By using a nionochromator of s p e c t r a l r e s o l u t i o n A X % 0.3 we could only s e t an upper l i m i t of 0 . 1 A . Since t h e spontaneous emission i s very broad (Ah % 200 A),the measured v a l u e s o f R3 depends l i n e a r l y on t h e s p e c t r a l r e s o l u t i o n used and a n a b s o l u t e v a l u e can be s e t o n l y by assuming a given v a l u e f o r t h e coherent emission s p e c t r a l width. The value o f Rg (corresponding t o a s m a l l s o l i d a n g l e ) , f o r Ah % 0.7 8, has been measured f o r r i n g c u r r e n t s r a n g i n g from 0 . 1 t o 10 mA. The modulation r a t e and t h e e l e c t r o n bunch dimension have a l s o been r e c o r d e d i n t h e same range o f c u r r e n t ( F i g .
) i n o r d e r t o a l l o w a comparison w i~h t h e t h e o r y . The t h e o r e t i c a l curve corresponding t o formula ( 1 ) is a l s o drawn on F i g . . I t can be seen t h a t t h e v a r i a t i o n s o f R 3 w i t h t h e r i n g
c u r r e n t a r e q u a l i t a t i v e l y w e l l e x p l a i n e d by two o p p o s i t e e f f e c t s : t h e i n c r e a s e o f t h e numbers o f e l e c t r o n s and t h e s t r o n g d e c r e a s e o f t h e modulation r a t e ( f g ' 1 .
f o r = 12. lo-'' a t I % 10mA). The combination o f t h e s e two f a c t o r s produces t h e maximum observed a t about 1 mA. The maximum measured v a l u e o f R3 i n approximately 4 . 1 0~ ( f o r Ah = 0.7 A) although t h e t h e o r e t i c a l value i s about 5 t o 6 times more. We.explained t h i s e f f e c t by c o n s i d e r i n g t h e p u l s e t o p u l s e f l u c t u a t i o n s o f t h e coh e r e n t emission when recorded on a f a s t scope.
The maximum number o f coherent photons e m i t t e d p e r p u l s e is about l o 5 theoret i c a l l y and 2 . l o 4 e x p e r i m e n t a l l y / 7 / . This r a t h e r s m a l l number i s due t o v a r i o u s l o s s e s : ( i ) due t o t h e l a r g e energy d i s p e r s i o n o f t h e r i n g a t low energy t h e maximum i s reached a t 1 mA o f r i n g c u r r e n t where f 3 2 i s o n l y ( i i ) we worked a t a lower l a s e r power (PL % 15 MW). . Thus a f a c t o r l o 6 -10' i s l o s t when we compare w i t h an optimized k l y s t r o n placed on a s t o r a g e r i n g e x h i b i t i n g no anomalous bunch l e n g t h e n i n g . I n o u r c a s e theO.K.hadbeen optimized f o r f r e e e l e c t r o n l a s e r s
t u d i e s and t h e parameter Nd i s t o o s t r o n g f o r t h i s experiment. Moreover t h e energy o f 166 MeV i s very f a r from t h e nominal working energy of A.C.O. (540 MeV). B -Future o f t h e experiments ----------------
On ACO we expect t o use a s h o r t e r p u l s e ( 3 nanosec) Nd:YAG l a s e r a s a pump. Fig. 4 -E x p e r i m e n t a l v a l u e o f t h e coherent e m i s s i o n r a t i o R3 ( p o i n t s with e r r o r b a r s ) , modulation f a c t o r o f t h e t h i r d harmonic i n c o h e r e n t emission with t h e l a s e r o f f ( a ) and on ( b ) . The t h r e e curves a r e p l o t t e d v e r s u s t h e s t o r e d c u r r e n t .
Therefore t h e a v a i l a b l e power, f o r about t h e same i n p u t energy, w i l l be h i g h e r . By working between 240 and 350 MeV t h e numerical c a l c u l a t i o n s show t h a t t h e r e g i o n 10-20 eV can be reached and t h a t 10' -l o 8 coherent photons/pulse w i l l be produced f o r a n i n p u t power o f 50 MWatt.
Super ACO is a synchrotron r a d i a t i o n d e d i c a t e d 800 MeV s t o r a g e r i n g c u r r e n t l y under c o n s t r u c t i o n a t Orsay. I t w i l l be achieved i n 1986. I n t h a t r i n g t h e anomalous bunch l e n g t h e n i n g has been minimized. Also, t h e e l e c t r o n d e n s i t y w i l l b e r a t h e r h i g h , i n p a r t i c u l a r when u s i n g a 500 MHz RF c a v i t y (120th harmonic o f t h e r i n g f r e q u e n c y ) . S t r a i g h t s e c t i o n s 3m l o n g w i l l be a v a i l a b l e f o r t h e u n d u l a t o r and t h e f r e e e l e c t r o n l a s e r , o r f o r frequency m u l t i p l i c a t i o n experiments.
Although super-ACO working energy w i l l be 800 MeV, t h e machine has been d e s igned i n o r d e r t o be a b l e t o r u n a t lower e n e r g i e s . W e have c a l c u l a t e d t h e number of p r o t o n s produced a t 400 MeV (where t h e energy s p r e a d oy/y i s o n l y 2.5 l o T 4 ) by t a k i n g r e a s o n a b l e f i g u r e s f o r t h e parameters ( p , = 1 . 3 1012 el/cm3, i = 7 mAlbunch, a1 = 0.7 cm). Figure 5 shows t h e r e s u l t s o b t a i n e d f o r an u n d u l a t o r optimized f o r FEL s t u d i e s r a t h e r t h a n f o r t h i s experiment. However, oge can s e e t h a t t y p i c a l l y lo1' photons/pulse can be o b t a i n e d down t o a t l e a s t 500 A , corresponding t o coherent peak powers c l o s e t o 1 KWatt. These high peak powers should a l l o w multiphoton e x c i t a t i o n and non-linear p r o c e s s e s s t u d i e s i n t h e V.U.V. s p e c t r a l range. Therefore t h i s t e c h n i - 
I V . THE FREE ELECTRON LASER
A f r e e e l e c t r o n l a s e r on a s t o r a g e r i n g i s , i n p r i n c i p l e , a simple device. It i s made with an undulator and an o p t i c a l c a v i t y ( s e e Fig. 1 ) .
How t h e system works ? I t is out o f t h e scope of t h i s paper t o g i v e a d e t a i led d e s c r i p t i o n of t h e F.E.L. / % / . W e w i l l j u s t summarize t h e important parameters.
-When an e l e c t r o n t r a v e l s i n a s t o r a g e r i n g it has only a l o n g i t u d i n a l veloc i t y : t h e n it cannot couple t o an electromagnetic f i e l d . ( w h i c h i s t r a n s v e r s e ) . The purpose of t h e undulator i s t o c r e a t e a t r a n s v e r s e v e l o c i t y of t h e e l e c t r o n allowing coupling t o t h e t r a n s v e r s e e l e c t r i c f i e l d ( t r a n s f e r of k i n e t i c energy of t h e e l e c t r o n beam t o t h e photon). Acceleration of t h e e l e c t r o n beav is made a t t h e expense of t h e electromagnetic f i e l d .
-The f i r s t l a s e r o s c i l l a t i o n has been obtained a t Orsay i n June 1983 /8/ showing t h e f e a s i b i l i t y of t h e experiment. The emission was obtained around 6508 A and'allowed a very d e t a i l e d study of t h e mechanism of t h e l a s e r . The main problems can be summarized a s follows : -t h e small s i g n a l gain per pass G i s a~~/~ N~I~/ C where I i s t h e peak c u r r e n t , X t h e t r a n s v e r s e dimension of t h e beam. This shows immediaeelg why on A.C.O. it is only p o s s i b l e t o have a l a s e r i n t h e range 4000-6000 A due t o t h e f a c t t h a t t h e gain v a r i e s a s t h e cube o f t h e number of p e r i o d s . The gain optimization demands long undulator ( 3 t o 5 meters i n s t e a d o f 1 . 2 m on A. C. 0 . ) . The & j l 2 dependence g i v e s a l s o an i d e a of t h e l i m i t i n t h e s h o r t wavel e n g t h s ( a 500 A).
W e a r e p r e s e n t l y b u i l d i n g a n o p t i c a l k l y s t r o n f o r super A.C.O. The main char a c t e r i s t i c s a r e given i n Table I . The lower l i m i t of t h e expected wavelength range i s determined mainly by t h e m i r r o r r e f l e c t i v i t y which drops r a p i d l y below 120 nm.
The output power o f t h e l a s e r i s l i m i t e d t o few % of t h e synchrotron power emitted a l l around t h e r i n g . Then f o r super A.C.O. t h e expected power should be of t h e o r d e r of few w a t t s i n t h e v i s i b l e and t h e u l t r a v i o l e t . -Gain a t X=150 nm :
-Maximum K 6 I should mention t h a t a 1 G e V s t o r a g e r i n g s p e c i a l l y designed f o r f r e e e l e ct r o n l a s e r ( w i t h 25 meters u n d u l a t o r ) has been proposed by J . Madey /9/ and it i s under c o n s t r u c t i o n now a t S t a n f o r d . I n t h a t c a s e , r a t h e r high g a i n should be o b t a i n e d
